iabetes mellitus (DM) is a group of metabolic diseases characterised by chronic hyperglycaemia resulting from defects in insulin secretion, insulin action or both. Chronic hyperglycaemia in patients with diabetes is associated with damage and dysfunction in various organs, including the eyes, kidneys, nerves, heart and blood vessels [1] . According to the International Diabetes Federation of 2015, an estimated 415 million people suffer from DM globally (one out of every 11 adults). By 2040, this number is expected to reach 642 million (one out of every 10 adults) [2] .
Due to the high prevalence of complications, DM is one of the most common causes of disability and mortality among the working age population [2] . Systemic microvascular disorders play an important role in the pathogenesis of diabetic complications. They lead to microangiopathy and neuropathy through the development of primary lesions in vessels that ensure blood supply to the peripheral nervous system [3, 4] . Impaired neural regulation of vascular tone in the microcirculatory bed, macroangiopathy and renal injuries trigger further microcirculatory network damage, establishing a vicious circle of diabetic complications. Ocular fundus examination by an ophthalmologist is a routine diagnostic procedure for evaluating microcirculation status. However, this procedure is subjective and unsuitable for early diagnosis, because it reveals microcirculatory disorders after the onset of complications [5] . Thus, the procedure does not allow adequate assessment of microcirculation for more effective disease control.
Alternatively, microcirculation status can be evaluated through measurements in the skin, which is the most accessible organ for such a procedure [6, 7] . Multiple techniques for assessing skin microcirculation are currently available: videocapillaroscopy, optical coherence tomography, laser Doppler imaging etc. [8, 9] . Laser Doppler flowmetry (LDF) deserves particular attention given its capacity for non-invasive testing with various functional effects. Moreover, its relatively low cost and ease of use have sparked much interest within the scientific community.
LASER DOPPLER FLOWMETRY
LDF was first used for the assessment of blood microcirculation in 1972 wherein Riva et al. measured retinal perfusion in a rabbit [10, 11] . Nonetheless, not until the 1980s had the method been first applied in medical practice. In 1982, Tenland et al. placed significant effort into adapting the method for measuring skin microcirculation [12] . Furthermore, in 1985, Swiontkowski et al. used LDF for estimating bone marrow perfusion [13] .
Non-invasiveness is one of the most important characteristics that make LDF highly valuable for diagnostics [8] . The principle behind the method lies in the laser probing of tissues, measurement of reflected signals and analysis of the Doppler frequency shift of the light scattered by the red blood cells. The depth of the tissue analysed is usually around 1 mm (for wavelengths ranging from green to infrared, the thickness can be between 0.5 and 2 mm). Depending on the type of tissue tested, it can contain arterioles, terminal arterioles, capillaries, postcapillary venules, venules and arteriolo-venular anastomoses [14] .
LDF allows the non-invasive measurement of microcirculation at various sites, including the skin and mucosa. Ultimately, LDF is intended to analyse perfusion, which is measured in relative or perfusion units (PU) and is directly proportional to the number of erythrocytes and their average speed. The simplest way to assess microcirculation with LDF is to measure baseline perfusion [14, 15] . Real-time registration of perfusion is performed using a special device that eventually creates a perfusion versus time graph, also called an LDF-gram. Routine analysis of the LDF-gram implies calculation of the mean value, standard deviation and coefficient of variation of perfusion over a period of time [16] .
The microcirculatory bed is a complex system constantly regulated through changes in vascular diameter (vasomotions) [14] . The wavelet transform of an LDFgram allows the analysis of the amplitude-frequency characteristics of these vasomotions. The oscillation frequency in the vessels is believed to lie within certain limits depending on the origin of these oscillations. Endothelial oscillations have the lowest frequency (0.0095-0.02 Hz), followed by neurogenic (0.021-0.046 Hz), myogenic (0.047-0.145 Hz), respiratory (0.2-0.4 Hz) and cardiac (0.8-1.6 Hz) oscillations [16, 17] .
Besides measuring baseline perfusion, various functional tests can be applied to estimate skin microcirculation using the LDF technique. These tests can increase the informativeness of the examination by assessing regulatory mechanisms using external stimuli. The occlusion test is one of the most frequently used functional tests [9, 18] . It involves temporary occlusion of microcirculation (by raising the sphygmomanometer cuff pressure to suprasystolic values) in the upper or lower extremities with subsequent registration of post-occlusive reactive hyperaemia. The duration of the occlusion may vary between 1 and 5 min, whereas pressure may vary between a value 40 mmHg higher than the systolic pressure and 300 mmHg [9, 19, 20] . Data analysis methods may also vary: analysing maximum, mean and relative values of post-occlusive hyperaemia; calculating the area under the graph; etc. [21, 22] . Despite the large number of studies that have used the occlusion test, comparison of their results is complicated because of the lack of measurement standardisation.
Other frequently used tests include temperature, respiratory and pharmacological tests. However, their procedures vary significantly in different studies [8, 9, 23] . Pharmacological tests are the most valuable methods for assessing endothelium-dependent and endotheliumindependent vasodilation. These tests are usually performed through iontophoresis using acetylcholine or sodium nitroprusside as a pharmacological agent [24] [25] [26] [27] . During pharmacological tests, multiple factors can affect the effectiveness of iontophoresis and, therefore, the examination results. These include the duration of the procedure, pH and concentration of the solution; type of solvent, skin thickness and electrical resistance; density and activity of sebaceous and sweat glands and some others [9, 25, 28] .
Thus, LDF is a non-invasive method that enables quantitative evaluation of the microcirculatory network, as well as the assessment of different regulatory mechanisms using functional tests. Such advantages have made LDF one of the most common methods for assessing microcirculation [9, 29] . A significant proportion of publications devoted to LDF have involved microcirculation assessment in patients with DM, arterial hypertension, burns and conditions characterised by impaired blood rheology/haemostasis [30] [31] [32] [33] .
Despite the large number of studies in this area, comparison of their results and implementation into clinical practice have been complicated by several methodological and metrological factors, including the lack of measurement standardisation, methods for data registration and constructive differences in devices used for measurement [24, 34] .
USE OF LDF FOR THE ASSESSMENT OF MICROCIRCULATION IN PATIENTS WITH DM
DM is one of many diseases wherein the use of LDF for scientific and/or clinical purposes is potentially beneficial considering its ability for estimating multiple parameters. Assessment of microcirculation for early diagnosis of DM and its complications, as well as for monitoring treatment efficacy, appears to be very promising [35, 36, 37] .
However, as already mentioned, existing methodological and metrological factors often create substantial difficulties in standardising currently available data.
Controversial results obtained after comparing baseline microcirculation values in patients with DM and healthy controls suggest low informativeness of baseline perfusion assessment [33] . Some authors report decreased baseline microcirculation in patients with DM compared with those in controls [38] , whereas others find no significant differences [39] or a trend towards increased baseline microcirculation in patients with DM [40] .
Many researchers have ventured into studying microcirculation rhythms. Tigno et al. studied microcirculation in rhesus macaques with different stages of DM and showed that vasomotions become less chaotic with the progression of DM [41] . This can be explained by the impaired homeostatic function of the microcirculatory network and the loss of possible rapid responses to environmental changes [42] . Using an experimental model of insulin resistance (Wistar rats), Newman et al. demonstrated that insulin interacts directly with the receptors of smooth muscle cells (including sphincters) in terminal arterioles that regulate blood flow through the capillary bed. Insulin infusion led to an increase in 0.1 Hz oscillations, which is considered to be part of the myogenic rhythm [43] .
We should stress that changes in skin vasomotions are observed in people with insulin resistance even before manifestations of DM [44] . These changes are associated with an impaired neurogenic vasodilatory mechanism resulting from nociceptive non-myelinated C-fibre damage, which causes decreased vasodilatory response to heating [45] . This analysis can be potentially useful for the early diagnosis of polyneuropathy [46] . LDF was shown to be informative in studies evaluating skin microcirculation in patients with type 1 DM, given that it helped to reveal decreased neurogenic rhythms in the forearm [47] .
The disadvantages of LDF analysis include its high sensitivity to changes in experimental conditions (room temperature and patient's movements), long duration of perfusion registration (30-40 min) and the need for special data processing software, which also requires a highly qualified operator [42] .
LDF can also be used to evaluate endothelial function, which is usually assessed via the occlusion test [48, 49] . Endothelial dysfunction leads to impaired NO synthesis, resulting in decreased post-occlusive reactive hyperaemia, which is used as an indicator of blood flow reserves [21, 22] . Pharmacological and temperature tests can also be used to assess endothelial function in patients with DM [50] . In such cases, endothelial dysfunction manifests as a decrease in vasodilatory response to stimuli.
Temperature tests cover a large number of regulatory mechanisms. Temperature-induced vasodilation was shown to involve both endothelium and axonal reflexes [23] . Assessment of several microcirculation regulatory mechanisms and possible changes therein using a single test increases the probability of detecting statistically significant differences in the microcirculation of patients with DM [50, 51] .
The use of LDF to identify early stage microcirculation disorders accompanying the development of insulin resistance and preceding type 2 DM looks very promising [36, 37] . Experimental studies on animals showed that microcirculatory changes in muscle tissues can lead to insulin resistance [52] . Frisbee et al. (2007) demonstrated a correlation between obesity, microcirculatory rarefaction and reduced nitric oxide bioavailability [53, 54] . LDF allows the detection of microcirculatory changes in patients with obesity but without DM [55] .
On the basis of the results of multiple studies, LDF has been shown to detect specific microcirculatory changes in patients with DM, such as impaired endothelial function and neural regulation of vascular tone. LDF has also been able to determine specific microcirculation features in people with early stage glucose metabolism disorders who are at high risk for DM. Despite its non-invasive nature, ease of use and promising results from multiple studies, the LDF method is not widespread in medical practice. One possible reason is that it has been associated with low test informativeness for a single patient, given that microcirculation assessment does not help physicians make a clinical decision.
One of the major disadvantages of LDF is the high variability of parameters measured (and, therefore, the low reproducibility of the results), which allows ambiguous conclusions on the microcirculation status of a single patient and limits its use in clinical practice [9] . Another problem is related to the differentiation between normal and abnormal values, which are very close in patients with DM. LDF works perfectly when comparing patient groups within research studies. However, it becomes almost useless when making conclusions regarding the microcirculatory status after a single examination. The use of LDF in routine clinical practice is limited to cases wherein patients have significant changes in LDF parameters, which would allow easy detection because of the nature of the disease (burns and vibration disease) [36, 37, 57] .
Statistical significance (and statistical power of a study) is often achieved by increasing the sample size and not the magnitude of the differences. Let us consider a hypothetical example of a research that compares two groups of people (20 in each). Let us also suppose that the mean perfusion value in groups 1 and 2 is 6.1 ± 1 and 7.1 ± 1 PU, respectively. Using the two-tailed Student's t-test, the p-value is determined to be 0.0032, which indicates a significant difference. Moreover, adding 30, 40 or 50 participants in each group further increases the level of statistical significance. However, the p-value does not reflect the practical significance of the study results. Plotting the distribution function for these groups (Fig. 1 ) reveals that their area of overlap is too large (over 60%) to be of use for diagnostic purposes.
Unfortunately, majority of the published manuscripts have similar problems [56] . There are two approaches in reducing the area of overlap: decreasing the dispersion (scatter) and increasing the differences (distances) between them. This can be achieved by the following measures: • use of functional tests (in particular, tests with combined effects) and • additional mathematical processing of the results (for example, moving to 'relative values') and calculation of diagnostic ratios. The first approach is used in the majority of the articles cited in this review. However, single tests are not always sufficient to achieve diagnostic significance. Moreover, the lack of standardised techniques for these tests, as already mentioned, creates additional problems.
The second approach increases the sensitivity of the method. For example, Hsiu et al. managed to find statistically significant differences using entropy analysis [58] . The present article could also be an example, considering that we managed to increase the level of significance by converting microcirculation into relative values and applying an original algorithm for data processing [59] . The combination of these approaches enhances the diagnostic value of LDF, which may probably help in the implementation of this purely scientific method into routine clinical practice.
CONCLUSION
LDF is an easy-to-use, non-invasive method for real-time quantitative assessment of microcirculation. It has been widely used in multiple research studies and could be potentially useful in routine clinical practice. LDF has demonstrated its effectiveness in detecting microcirculatory changes in patients with DM by providing valuable information regarding endothelial dysfunction, neuropathy, early stage microcirculatory disorders associated with insulin resistance, assessment of treatment efficacy etc.
Unfortunately, LDF is currently used in research studies only. Its implementation into routine clinical practice is restrained by several methodological and metrological factors, including high variability of measured parameters, lack of standard algorithms for testing and problems with data processing.
For LDF to be implemented into practical medicine, it should provide clinicians with valuable information that would be helpful in making clinical decisions. In addition to group statistics, researchers should analyse clinical information on the disease course and outcome and develop diagnostic models for a single patient. This can be achieved through pathophysiologically reasonable functional tests (including combined tests), standardisation of measurement methods and implementation of various mathematical algorithms for data processing.
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